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Abstract 

He  applicability  of  a  unique  discharge  Camber,  ^uTw^h^due” 

source  for  ameso-scale  ion  thruster  was  inves  ga  •  external  magnetic  fields  while  achieving  an 

promising  results  which  appear  to  alleviate  e  requ  studies  done  on  a  similar  discharge 

adequate  degree  of  ionization,  for  an  ion 

chamber  indicated  a  high  degree  of  ionization,  therefore  makmg  n  a  possmie  o>n  g 

thruster.  An  estimate  of  the  degree  of  ionization  made  usmgampte  previous 

showed  a  lack  of  ionization  which  warranted  er  found  Additional  spectroscopic  and 
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L  Introduction 


A.)  Ion  Thruster  Scaling  Issues 

The  current  trend  towards  smaller  spacecraft  produces  a  corresponding  requirement  tor  smdler 
thrusters  Magnetic  fields  place  a  lower  bound  on  the  size  to  which  traditional  ion  thrusters  can  be  scaled. 
Ml  scale  ion^hrusters  use  magnetic  fields  to  increase  the  electrons  path  length  to  provide  the  necessary 
level  of  ionization.  The  spiraling  electrons  must  have  a  gyroradius  small  enough  to  keep  them  from 
striking  the  walls  of  the  discharge  chamber.  The  gyroradii  scales  inversely  with  magneuc  field  strength, 
thus  smaller  discharge  chambers  require  larger  magnetic  fields.  A  practical  limit  on  the  magneuc  field  tha 
can  be  applied  to  the  thruster  creates  a  limit  on  the  size  to  which  the  discharge  chambers  can  be  scaled. 
Another  method  of  providing  adequate  degrees  of  ionization  must  be  found  for  micro  ion  thrusters. 

One  possible  solution  is  to  enhance  the  discharge  chamber  geometry  to  provide  the  required  degree  of 
ionization  If  this  is  accomplished  for  a  given  size  of  thruster,  then  by  following  s-mple  scaling  P»ers 
the  thruster  can  be  scaled  to  different  sizes.  The  small  size  and  relative! simplicity  of  this  type  of taster 
would  lend  it  to  being  arrayed  into  relatively  large  groups  of  thrusters.  There  are  many  different  queues 
that  can  be  affected  when  scaling  an  electric  discharge,  including  the  electric  field,  breakdown  potential, 
^dens^  sS«  charge  density,  and  drift  velocity.  Scaling  properties  for  simple  planar  elechodes 
have  been  extLsively  studied  and  are  well  understood.2  There  are  three  quantities  that  must  be  matched  if 
planar  electrode  discharges  are  to  be  similar.  These  are  pd.  E/p  and  J/p  where  p  is  the  gas  pressure,  d  is  the 
characteristic  dimension,  E  is  the  electric  field,  and  J  is  the  current  density.,  The  pd 1 
breakdown  characteristics  of  the  discharge  chamber  according  to  Paschen  s  law  as  shown  in  Eq.  1.  This 
guilty  is  a  measure  of  the  number  of  collisions  that  a  particle  undergoes  during  its  travel  through  the 
discharge  chamber.  The  breakdown  potential  is 


^BK  —  f 

In 


Bpd 


(1) 


Apd 


ln(l+l/y) 


The  E/P  quantity  determines  the  energy  gained  by  a  charged  particle  between  OTlhsmns  Tie  cimrat 
density  varies  with  p2  which  provides  the  Townsend  similarity  relation  that  for  pd  and  J/p  scahng  the 
discharges  will  have  similar  breakdown  and  electrical  characteristics.  Much  less  is  known  about  the 
scaling  of  other  types  of  discharges. 


B.)  Requirements  for  ion  microthrusters 


There  are  certain  operational  capabilities  that  must  be  met  by  a  discharge  chamber  if  it  is  to  be  used  m 
a  small  scale  ion  thruster!  By  assuming  that  the  Non-Magnetic  Ion  Micro-Thruster  (NMIMT)  shouldhave 
similar  specific  power  levels  for  a  given  I*.  the  necessary  degree  of  ionization  for  the  small ^*scbarge 
chamber  can  be  estimated.  This  is  reasonable  since  the  required  velocity  increment  for  spacecraft  do  not 
depend  on  the  spacecraft  size.  Table  1  shows  characteristics  of  typical  full  scale  ion  thrusters. 


Specific 
Impulse  (s) 

Thrust  (mN) 

Size  (cm) 

Specific  Power 
(W/mN) 

ETS-VI IES 
ion  engine 

3000 

20 

12 

37 

NSTAR 

3310 

92 

30 

25 

XIPS-13 

2585 

2720 

17.8 

18 

13 

23 

RIT-10  RF  ion 
|  engine 

3000 

3150 

15 

10 

39 

Table  1:  Representative  Characteristics  of  a  Sample  of  Full  Scale  Ion  Thrusters 
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The  total  I*  for  and  electric  thruster  is 


is  the  sum  of  the  neutral  (I**)  and  ion  components  (M  given  by 


Isp  ~  iO-  Vspji  IspJ&l  i" 


(2) 


where  a,  is  the  degree  of  ionization  in  the  thruster.  The  specific  impulse  of  the  ion  and  neutral  components 
are  given  by 


/ 

SP'‘  go 


v„,= 


f  2(1 .602x1 0~19  A  V  | 2 
(1.67xl0“27)(/nw)  j 


(3) 


I  sp,N  ~ 


7  m 


(4) 


iv  t, Z  accelerating  votage  applied  »  the  ions,  »d  ..  is  the  molecnlar  weigh,  of  dee  propellant  gas. 
The  applied  power  per  unit  thrust  is  then  given  by  Eq  5. 


Pj)  4"  ^  NliJ  Spj  g0) 


Pt_  = _ 

tu  (]—iY.)l„ms^+I 


(5) 


where  P„  is  to  discharge  power  of  to  taster  and  m  is  the  r tapTfor  t 
taster.  Fig.  1  shows  the  effect  of, Z I  rl  A  typical 
ESSffSSffi&V  -  temperature  was  assented  to  he  1000K  wid.  the 

discharge  voltage  and  current  of  500V  and  10  mA,  respectively. 


Ftg.  1  Effect  of  ionizadon  degree  on  performance  of  NMIMT  with  typical  discharge  chamber 
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C.)  NMIMT  discharge  chamber  concept 


For  over  fifty  years,  hollow  anode  ptona  sources  have  to  to  In awifc 

including  electron  beam  welding,  matenalproc^tng,  and  tos^  ^  ^ 

sources  which  utilize  gas  J”3”?' "J?  rw  ^  mis  configuratiou,  the  hollow  anode  devices  resemble 
IS tSfe'woSS  tosters  which  utilize  magnetic  field  confinement  of  die  eteftcns  mtdta 
SS2S3L  previewing  the  itoune  on  ^“,"c^  5 

intriguing  result  was  that  no  neutral  lines  we  discharge  It  appeared  worthwhile 

—  - 

ionLtion  was  obtained  without  the  use  of  magneuc  containment  of  the  electrons. 

The  discharge  chamber  shown  in  Fig.  2  has  . .  5  mm  mdiut 
diameter  propellant  inlet  was  drilled  m  the  center  o  e  Oonosite  the  cathode  is  a  1  mm  diameter 

axis  to  allow  pressure  measurements  m  the  discharge  toedectrode  was  covered  with  a  5  mil  thick 

^SSSss^’Ssessssssas 

discharge  chamber  only. 


II.  Theory 

effect  on  the  electrons  that  are  emitted  from  the  cathode.  The  electrons  arrive 
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accelerated  through  a  significant 
of  length  lo  as  given  m  Eq  6. 


,-A. 

Ut 


(6) 


h.  _  v  *> 


U 


s/-(y— 7*.)s 


(7) 


me  electron  current  in  the  orifice  is  taken  as  la  so  that  ^"^n'by^'  ^ 
electrons,  this  ionization  rate  per  unit  volume,  since  *  e 

(8) 


N,  «  (6.24xl018)j  —  yifid 

l  ^0  J 


where  ne  is  the  electron  number  density  “* 15  ^OT  ^^il’the  etetton  impact  ionization  cross- 

sa  tMsr? = - -ssa  su1  - — -  - ~ — *e 

ionization  to  be  relatively  small,  is  given  by 


N,  T- 


(6.24xl818f^-V/n^, 


(9) 


U/ 


Assuming  that  the  ion  and  neutral  gas  are 
given  by 


flowing  at  the  same  speed,  uf,  the  degree  of  ionization,  (A,  is 


a,  = 


N,T  _ 


(6.24xl018) 


ft  ^ 


/"  ,  \ 


(10) 


!  a/^2  *tT|a  electron  impact  ionization  cross- 
A  typical  value  for  the  current  density  m  1  ^  length  is  1  mm  and  the  discharge 

section  for  argon  at  an  energy  oH  50  eV  is  3x|C  ^  a  rQugh  estimate  ofthe  degree  of  ionization  for 

SS“eTamterSoToT%.  Xenon d^s^Sr^th  the 

^SSSW5S5£=f«-».’«— • 


III.  Experimental  Setup 


The  test  facility  used  in  reviewing  and  an  800  1/s 

chamber.  Vacuum  pumping  °f  the  chamber  was  do  y  ^  provided  an  ultimate  pressure  in  the 

“S ““wO^cTfS 3  SoLTeVtlMT discharge  chamber  ft*) and  vacuum  chamber  (pj 

pressures  for  various  mass  flows. 
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Argon  Mass  Flow  (SCCM) 


Fig  3  NMIMT  Discharge  Chamber  and  Vacuum  Chamber  Pressure  Relationships 

mmmmm 

aaoss  a  1  M£2  resistor. 

««=^sssss§sslsi 

SS&ss&^&SSSszbss: 

pressures  above  0.75  Torr,  with  discharge  currents  up  to  15  mA. 
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To  Pumping 
System 


Pressure 


Fig.  4  Diagnostics  Setup 


IV.  Results 


A.)  Operating  characteristics 


Flg.  5  shows  the  current  verses  voltage 
pressures.  It  resembles  a  typical  V-I  c  ^^ens  t  q  1Q  ^  Slight  degradation  of  the  hemispherical 

primarily  located  near  the  small  entrance  holes.  No  degradation  was  observe 


on  the  hollow  anode  surface. 
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B.)  Spectroscopy 

Two  speccroscopic  configurations  were  used  to  analjste  *=  NMIMT  discharge , chamber  J* 

to  compare  with  previous  results10  for  a  similar  discharge  chamber. 

An  oMPmnt  was  made  to  run  the  discharge  at  the  same  conditions  as  during  the  previous  studies.10  but 

increases,  the  neutral  lines  in  the  spectrum  are  always  present  Fig.  7  shows  neutral  to  ion  line  ra 
discharge  chamber  plume  at  a  discharge  pressure  of  1  Torn 

The  other  spectroscopic  configuration  collects  light  normal  to  the  plume  axis  at  a  distance  of  1cm 
a  Jiir iXfend  ti  the  exit  orifice.  This  method  was  expected  to  gain  relative  informauon  about  the 
discharge  chamber  in  different  modes  of  operation;  however  it  provided  no  information  since  ion  es 

were  not  detected  in  this  mode. 
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8014  A  (Ar  I)  8115  A  (Ar  I) 
7635  A  (Ar  I)  7503  A  (Arl)  I  \ 


8424  A  (Ar  I) 


)  4000  5000  6000  7000  8000  9000  1  10* 

Wavelength  (A) 

Fig-  6  Typical  Spectrum  of  the  NMIMT  Discharge  Chamber 


— 4158A  (Ar  I)  /  4131 A  (Ar  II) 
—a—  4510A  (Ar  I)  /  4545 A  (Aril) 


2  4  6  8 

Discharge  Current  (mA) 


Fia.  7  Neutral  to  Ion  Ratios  at  Different  Discharge  Conditions 
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Cl)  Langmuir  probe 

Langmuir  probes  are  common  diagnostic  tools  used  to  study  *ta“£?s 

•  Ap  niccrnfand  the  bias  on  the  probe  with  respect  to  ground  is  varied  while  the  current  to  the  probe  is 
measured5  When  the  probe  is  biased  very  negative  with  respect  to  the  plasma  it  will  repel  the  electrons  an 
attract  the  ions  so  that  the  current  collected  will  represent  the  total  ion  flux  at  that  position. 

In  the  investigation  of  the  initial  discharge  chamber  chosen  for  the  NMIMT  a  disk  shaped 
r  oTvrniuir  orobe  S  a  diameter  of  0.55  cm  is  used  to  measure  the  ion  current  at  a  distance  o  2.5  an 
Str^the  discharge  chamber.  The  ion  flux  is  estimated  from  Eq.  11  by  assuming  that  die  ion 
saturation  current  was  that  current  collected  by  the  probe  at  a  bias  of -180  V. 


0,= 


*  sat.I 

eA„ 


(ID 


where  I  ,  is  the  ion  saturation  current  collected  by  the  probe,  e  is  the  unit  charge,  and  Ap  is  the  fromal 
SMfawareTof  the  Langmuir  probe.  The  probe  is  a  stagnation  point  type  Ungmuir  probe  wuh.tstms 
no™2  to  “e SaS chamber  plume.  The  mean  free  patit  at  the  probe  locators  between  60  mm  and 
12  mm  for  discharge  chamber  pressures  of  1  and  5  Ton  ^cuvely  The  ^^Jena  y  ^  lo^tion 
location  is  primarily  due  to  the  background  gas  as  determined  by  Eq.  12.  The  Debye  ie  g  ,hickness 

in  the  nlumeis  between  0  2  and  0.5  mm  depending  on  the  discharge  conditions.  The  sheath  mrekn 
^ud  ie  Sly  four  times  the  Debye  length;  therefore  the  peobe  sbenth  ts  shghdy  snmlta  ton 

the  diametiof  the  probL  This  win  cause  the  results  obtained  by  using  the  planar  probe  analysis  to  be  o  y 
approximate,  which  is  sufficient  for  the  first  analysis  of  the  discharge  chamber. 

Bv  comoarinc  the  ion  flux  to  the  expected  neutral  flux  at  this  distance,  the  degree  of  ionizadon  can 
be  estimated.  PlSme  Expansion  into  a  perfect  vacuum  will  provide  an  axial  number  density  distribution 

given  by14 


nn  =ndCj(y{" 


(12) 


where  nn  is  the  neutral  number  density  along  the  centerline  of  the  plume  at  a  distance  r  a way  from  an 
orifice  of  diameter  D„.  Cj  is  a  factor  that  only  depends  on  the  specific  heat  ratio  and  is  0  15  for  argon, 
the  neutrals  are  assumed  to  be  sonic  at  the  exit  orifice,  the  velocity  of  the  neutrals  is  given  y 


ff 


V •  = 

T  j  max 


2y 

U-1J 


kL 


m. 


(13) 


The  neutral  flux  will  then  be  given  by 


<Pn  =n„VjT 


(14) 


The  ionization  degree  is  the  ratio  of  the  ion  flux  to  the  neutral  flux  ((pjfa  ).  Fig.  8  shows  the 
experimentally  derived  degree  of  ionization  for  the  discharge  chamber  at  different  operating  conditions. 
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An  ion  extraction  ring  is  placed  near  the  exit  of  the  hollow  anode.  The  ring  has  a  diameter  of  2  cm 
and  is  placed  1  cm  downstream  from  the  exit  orifice.  Fig.  10  illustrates  the  effect  of  the  extraction  rmg 
the  Client  collected  by  the  Langmuir  probe  at  a  discharge  chamber  pressure  of  1  Torr.  With  a  constan 
mass  flow  the  increased  probe  current  relates  directly  to  the  degree  of  ionization  in  the  plume.  Fig.  10 
shows  the 'normalized  probe  current  verses  the  extraction  ring  potential  where  I„  is  the  current  collected  by 

the  probe  with  zero  bias  on  the  ring. 


V.  Conclusion 

The  initial  discharge  chamber  chosen  for  the  NMIMT  is  shown  to  provide  a  lower  degree  of  ionization  than 
previous  spectroscopic  results  indicate.  A  simple  model  predicts  that  the  degree  of  ionization  produced 1  by 
die  discharge  chamber  while  running  on  argon  is  0.6%.  Attempts  to  reproduce  earlier  results  failed  due  to 
insufficient^ published  data.  Langmuir  probe  measurements  indicate  that  the  disch; arge  chamber .P^eda 
degree  of  ionization  under  0.1%.  The  simple  model  is  expected  to  overesumate  the  degree  of  ionizaUOT 
provided  by  the  discharge  chamber  because  it  does  not  take  into  account  the  losses  of  ions  and [electrons  to 
die  walls.  Spectroscopic  studies  found  very  strong  neutral  lines  in  the  exhaust  plume  of  the  *^arge 
chamber,  which  is  contrary  to  the  results  of  Miljevic.  A  simple  extraction  device  was  added  to  maease  dm 
degree  of  ionization  in  the  exhaust  plume.  The  extraction  ring  was  able  to  provide  roughly  3  tones  the 
plmne  ionization  as  in  the  unextracted  case.  Further  work  is  required  to  investigate  potential  schemes  to 

increase  the  ionization  degree. 
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